Sea surface height (SSH) measurements provided by pulse-limited radar altimeters are onedimensional profiles along the satellite's nadir track, with no information whatsoever in the cross-track direction. The anisotropy of resulting SSH profiles is the most limiting factor of mesoscale SSH maps that merge the 1D profiles. This paper explores the potential of the cross-track slope derived from the Cryosphere Satellite-2 (CryoSat-2)'s synthetic aperture radar interferometry (SARin) mode to increase the resolution of mesoscale fields in the cross-track direction. Through idealized 1D simulations, this study shows that it is possible to exploit the dual SARin measurement (cross-track slope and SSH profile) in order to constrain mesoscale mapping in the cross-track direction.
Introduction and context
In contrast with wide-swath imagers (e.g., sea surface temperature or ocean color), the data record of radar altimeters is exceedingly anisotropic. Sea surface height (SSH) measurements from pulselimited radar altimeters are one-dimensional profiles along the satellite's nadir track, with no SSH information whatsoever in the cross-track direction. Figure 1 shows that, 41 for a single altimeter flying on the TOPEX/Jason orbit, the along-track (white segment) 42 resolution can be as small as 7 km (level 2 product, 1 Hz rate), whereas in the cross-track 43 resolution (black segment) it can be as large as 300 km. 44
To reconstruct 2D gridded fields of SSH or sea level anomalies (SLA), it is therefore 45 necessary to interpolate 1D profiles (e.g. (Pascual et al, 2008) . 53
There are two practical consequences to this limitation. 54
Firstly, even if the spatial and temporal scales used to constrain the OI are derived from SSH 55 measurement of 2 to 4 satellite constellations, the mapping is limited in the cross-track 56 direction. Because 1D profiles from multiple sensors are blended into one map, 2D mesoscale 57 mapping uses a compromise between actual mesoscale correlations and the sampling 58 limitations from such constellations (Ducet, et al, 2000) . 59
The resolution of mesoscale fields is dominated by the number of altimeters in operation. shown that mesoscale maps have a limited global resolution capability. Higher resolution can 62 still be achieved, but only locally, at certain times, when enough 1D profiles are available 63 (Dussurget et al, 2011) . 64
In this context, a new technology used on CryoSat-2 has the unprecedented potential to add 65 actual measurements to constrain mesoscale mapping in the cross-track direction. Indeed, in 66 addition to a classical pulse-limited radar altimeter measurement (also known as low 67 resolution mode or LRM), CryoSat-2's altimeter SIRAL features a synthetic aperture radar 68 interferometry (SARin) mode able to measure the SSH slope in the cross-track direction 69 (Francis et al, 2007) as illustrated by Figure 2 . In this paper, the cross-track slope (CTS) is 70
given in micro-radians: a 1 µrad slope is approximately equal to a SSH gradient of 1 cm for 71 10 km, or a geostrophic current of 10 cm/s at mid-latitudes. 72
In this paper we use idealized OI simulations to explore the potential of the CTS derived from 73
CryoSat-2's SARin mode to increase the resolution of mesoscale fields in the cross-track 74 direction (methodology introduced in section 3). Our approach is to look at SARin technology 75 in optimal conditions in section 4 and then to discuss what can be done in practice with 76 current and future datasets in section 5. 77 3 Methodology have shown that 2D SSH mapping is affected by many parameters (e.g. geometry, phasing or 81 coordination of the constellation's orbits, high frequency ocean dynamics). To measure the 82 potential of using a SARin slope to constrain mesoscale mapping we therefore use a simpler 83 idealized 1D configuration. 84 We specifically focus on the cross-track direction (black segment from Figure 1 ) where the 85 resolution is limited by the number of satellites in the constellation. In other words, this is a 86 configuration where SARin slopes are ideal to complement lacking SSH measurements. 87 RMS, i.e. we focus on zones of intense mesoscale activity (e.g. western boundary currents). 111
Then we expand to different signal to error ratios in section 4.2. In section 5.3, we discuss the 112 validity of the Gaussian methodology. 113
Our observation field H obs is then constructed (Equation 2) by interpolating H real at the desired 114 resolution (30 km for an along-track simulation, 300 km for a cross-track simulation on a 115
Jason-like orbit, and 100 km for a cross-track simulation on the CryoSat-2 orbit) and adding a 116 white noise of 0.5 to 2 cm to the interpolated SSH values. This is arguably a pessimistic error 117 4, although in practice only its diagonal is used here (1-σ gray envelope around reconstructed 132
SSH profiles). 133 134
Many figures shown in this paper are limited to 3000 km segments for the sake of illustration 135 but simulations were performed on very long profiles to ensure that the examples in this paper 136 are representative of the statistical behavior of each configuration. 137
Observation anisotropy

138
Figure 3 shows one reality segment, sampled in the along-track direction (every 30 km) with 139 2 cm white noise added. The reconstructed field after optimal interpolation is almost identical 140 to the reality field. The reconstruction error is 1.2 cm RMS i.e. 0.4% of the reality signal 141 variance (18 cm RMS). Similarly, the along-track slope (bottom panel) is almost perfectly 142 observed in the along-track direction. 143 Figure 4 shows the same reality segment, but positioned as a transect in the cross-track 144 direction (black segment from Figure 1 ). In other words, each measurement (black dot) is the 145 crossover between the transect and a different satellite track. In this figure, the SSH reality is 146 sampled by a LRM altimeter every 300 km, i.e. the worst case configuration of a TP/Jason 147 orbit. Because the Nyquist criterion is not met with a single satellite, many features are 148 missed entirely in the reconstruction (e.g. at km #1000 or #1800 or #2200). The error 149 reconstruction RMS is 46% of the signal variance. This figure illustrates the inability of a 150 single satellite to observe large mesoscale, let alone features with radii smaller than 150 km. sampling not achieved). Thanks to local constraints on the SSH derivative, it is possible to 237 recover features that were previously missed entirely (e.g. at km #1800 and #2200). 238
Quantitatively, on this example, the reconstruction error is only 6.96 cm RMS, i.e. 15% of the 239 signal variance (vs. 50% for the LRM scenario on Figure 4 ). In other words, about 35% of the 240 signal variance was recovered with the error-free slope. The 15% residual error should also be 241 compared to the 8% of the configuration with two LRM altimeters ( Similarly, Figure 7 shows that a perfectly coordinated constellation of 2 SARin altimeters 244 flying on a Jason-like orbit (150 km cross-track resolution) is able to properly reconstruct the 245 SSH and slope reality fields even though the Nyquist criterion is barely met with SSH alone. 246
Because slopes and covariance models add the constraint needed, the reconstruction error is 247 only 1.83 cm RMS (i.e. 1% of the signal variance) and largely due to the error outlier of the 248 first measurement and the 2 cm SSH measurement noise. 249
Sensitivity to signal to noise ratio
250
We performed a series of sensitivity tests on the slope error for 1 and 2 SAR-in altimeter 251 constellations using very long simulations (2000 times the correlation radius). 
Track aggregation and data gaps
306
Firstly the SARin slopes located on the outer edges of the band-shaped aggregation of satellite 307 tracks provide a unique capability to reduce the extent of the band-shaped blind spots by up to 308 2 * 150 km (one slope constraint on each side of the diamond not covered by CryoSat-2 309 tracks in Figure 11 ). This is useful to balance CryoSat-2's main sampling weakness when it 310 comes to mesoscale observation. 311 Figure 12 illustrates this point: it shows the OI reconstruction for a 1500 km cross-track 312 segment where CryoSat-2 measurements are aggregated in 100 km resolution bands where 313 mesoscale features (150 km radius) are resolved, and interleaved with a 500 km wide blind 314 spot where no CryoSat-2 track is available in the 15 day window corresponding the frozen 315 field approximation. 316
The SARin-based reconstruction (subplot a) is slightly better because the outer edges are 317 constrained by error-free slope estimates whereas the LRM-based reconstruction (subplot b) 318
is not able to observe even a fraction of the large eddy at km #700 and the total reconstruction 319 error is much higher (12.1 cm RMS vs. 6.7 cm RMS for SARin). Note that the overall 320 improvement is limited to the outer edges of the large data gap (one decorrelation radius on 321 each side) because the OI cannot "guess" the existence mesoscale structures if they are not 322 remotely observed. 323
Orbit sampling differences
324
The second consequence of CryoSat-2's sampling pattern is the cross-track resolution within 325 the track aggregations. CryoSat-2's sampling "bands" have a cross-track resolution of 100 326 km, i.e. more favourable to the observation of 150 km radius mesoscale features, albeit in 327 limited areas. In this context, SARin data from Cryosat might be used to recover smaller 328 mesoscale features (only within the satellite track aggregation). 329 Table 1 shows the mapping improvement (i.e. the reduction of cross-track reconstruction 330 error) when the "reality" and OI correlation radiuses range from 50 to 150 km and for the 331 Jason and CryoSat-2 orbits. All simulations were performed with a slope measurement noise 332 of 1 µrad. On the Jason orbit, the cross-track mapping is improved mainly for large mesoscale 333 (18%) but not for short mesoscale (5%) because the SARin slope cannot balance the limited 334 resolution of the Jason orbit. The opposite is observed for CryoSat-2 (in the aggregation 335 bands) owing to its cross-track 100 km cross-track resolution: the improvement is limited for 336 100 km or more and the highest improvement is observed for a 50 km radius. 337
In other words, with the CryoSat orbit, the SARin slope is an asset to improve the cross-track 338 observation of smaller mesoscale features (in the band-shaped aggregation of satellite tracks), 339 something that would not be possible on a Jason orbit. Thus changing the correlation radius also induces a reduction of the SSH STD and a reduction 343 of the CTS STD from 2 µrad to 1.5 µrad (Table 1) . In other words, higher precision SARin 344 slopes would be needed in CryoSat-2's sampling bands because the smaller signal of interest 345 also has weaker slopes. 346
To that extent, and considering the error level discussed in section 5.2, the CryoSat-2 orbit is 347 less attractive than a Jason-like resolution would be, because the gain with SARin is 348 geographically limited and because the orbit is more demanding in terms of CTS error budget. 349
Slope error
350
The simulations from section 4.2 showed that the enhancement of cross-track mesoscale 351 mapping was possible in favorable signal to ratio conditions. The expected benefit from actual . linear on 1000 km segments) . 362
Yet, in this paper, we are ignoring biases and long wavelength errors because we assume that 363 they can be accounted for by multi-satellite cross-calibration. 364
Indeed, at the intersection of satellite tracks (e.g. CryoSat-2 x CryoSat-2 or CryoSat-2 x 365 Jason-2) crossovers points provide a double measurement where the actual SSH anomaly 366 signal is partially cancelled if the temporal distance between both measurements is short 367 enough. It is thus possible to use this observation to detect and to mitigate spatially and 368 temporally correlated signals. Alternatively, long wavelength errors (500 km or more) can be accounted for in the mapping 377 process itself, with an approach derived from Ducet et al (2000) . These techniques are used 378 operationally to remove SSH biases and 1000 km errors before mesoscale mapping 379 (Dibarboure et al, 2011a), including for datasets with limited coverage (e.g. ERS-2 after the 380 loss of its on board recorders). The same method could be used in the geographically-limited 381
SARin acquisition zones to cross-calibrate long-wavelength errors in the cross-track slope. 382
Noise and short scale errors
383
In the recovery of the cross-track slope, Galin et al (2012) also observe on average 20 µrad of 384 speckle-related noise at 1 Hz or 7 km resolution. The slope is computed from a distance 385 ranging from 1 km to 8 km depending on the retrieval algorithm (phase-difference at the first 386 point of arrival VS. model fit) and significant wave height (SWH) conditions. 387
The spatial correlation of mesoscale slope makes along-track filtering possible (including 388 with non linear filters to remove spurious slopes) if the error is speckle-related (i.e. no along-389 track correlation of the CTS error). If we assume that a simple running average is used to get 390 one super-observation for a 150 km radius (admittedly a crude filtering), the resulting 391 mesoscale slope precision would be less than 4 µrad with current slope retrieval algorithms. 392
Moreover, Galin et al investigate the origin of residual SARin slope outliers such as the 393 influence of wind and so-called sigma0 blooms. Yet sigma0 blooms can be detected and 394 edited out in pulse-limited LRM altimetry (Thibaut et al, 2010) . We can therefore assume that 395 the largest SARin slope outliers can be detected as well, thus decreasing the overall slope 396 error RMS of a non-Gaussian slope error distribution. 397
With Cryosat-2 we can probably observe only large eddies (2-σ) in zones of intense 398 mesoscale variability. Elsewhere, SARin slopes from Cryosat-2 can probably barely improve 399 cross-track mesoscale mapping because the instrument was not designed for this application 400 (insufficient signal to error ratio). 401 independent MSS models that range from 1 to 3 cm with wavelengths ranging from 3 to 420 hundreds of kilometers (a few µrad after along-track smoothing). 421
MSS and geoid errors
The MSS/geoid error is therefore quite significant in the error budget of a SARin CTS 422 anomaly, since it would add up to noise estimates from section 5.2.2. That error alone would 423 make error-free CTS measurements difficult to use except in zones of strong mesoscale 424 activity. 425
Expected and possible improvements
426
Comparing the figures of merit from section 5.2 to the sensitivity studies from section 4.2 427
shows that the precision needed to improve cross-track mesoscale mapping in strong currents 428 is at the limit of CryoSat-2's current observation capability. 429 However, one might expect some improvements in the future. The primary error sources were 430
shown to be speckle-related measurement noise and the MSS reference models used to 431 generate the slope anomaly. 432
Concerning the former, it might be technically possible to update onboard software to get 433 SAR data from both receive chains on ocean, and to change acquisition rates in SARin mode, 434 essentially yielding 4 times as many independent looks, and reducing the noise level. 
Validity and limitations of this work
462
In this section we discuss some approximations made in this paper, and the validity and 463 limitations of these factors as an outlook for future work: the Gaussian properties of our 464 "reality", the perfect a priori knowledge used in the mapping process, the simple 1D mapping 465 methodology used, and the lack of temporal variability. Idealized mapping simulations show that a single error-free SARin sensor on a Jason-like 501 orbit has the potential to perform almost like two coordinated LRM instruments. Sensitivity 502 studies show that the breakthrough in mapping improvement is achieved for slope errors 503 between 1 and 5 µrad for 150 km macro-observations, in zones of intense mesoscale activity. 504
A better slope precision of the order of 0.1 µrad would be needed for global usage and/or to 505 resolve smaller features (radius < 100 km). 506
The precision needed to improve cross-track mesoscale mapping is probably at the limit of 507 current SARin products from CryoSat-2 (and only after multi-satellite cross-calibration and 508 along-track filtering) which might observe only the strongest slopes (2-σ) in very energetic 509
areas. The proof of concept is more attractive if we extrapolate to future improvements of 510 SARin processors and ancillary datasets (e.g. MSS) and to a prospective mission improving 511 upon SIRAL hardware and CryoSat-2 processors. 512
While encouraging, these results are optimistic, because all simulations were performed on a 513 frozen SSH field (ocean dynamics and high frequencies are not taken into account), and only 514 in the cross-track direction (i.e. optimal for the SARin slope) and they should be extended to 515 much more complex 3D studies, or with real data from CryoSat-2. 516 Equation 6 Equation 7 Equation 8 Equation 9 where C hh , C hs , and C ss are the three covariance matrixes for each couple of observation type, 530 built as a function of the distance d i,j = | x(i) -x(j) | separating measurements points #i and #j. 531
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